Lung cancer remains a leading public health problem as evidenced by its increasing death rate. The main cause of death in lung cancer patients is cancer metastasis. The metastatic behavior of lung cancer cells becomes enhanced when cancer cells undergo epithelial to mesenchymal transition (EMT). Gigantol, a bibenzyl compound extracted from the Thai orchid, Dendrobium draconis, has been shown to have promising therapeutic potential against cancer cells, which leads to the hypothesis that gigantol may be able to inhibit the fundamental EMT process in cancer cells. This study has demonstrated for the first time that gigantol possesses the ability to suppress EMT in non-small cell lung cancer H460 cells. Western blot analysis has revealed that gigantol attenuates the activity of ATP-dependent tyrosine kinase (AKT), thereby inhibiting the expression of the major EMT transcription factor, Slug, by both decreasing its transcription and increasing its degradation. The inhibitory effects of gigantol on EMT result in a decrease in the level of migration in H460 lung cancer cells. The results of this study emphasize the potential of gigantol for further development against lung cancer metastasis.
Introduction
Epithelial to mesenchymal transition (EMT) is the hallmark of cancer metastasis [1] [2] [3] . According to several reports, the survival rate of lung cancer patients is significantly diminished upon the diagnosis of cancer metastasis [4] [5] [6] . The development of a compound with the potential to attenuate the EMT process has been gaining interest in pharmaceutical research as a potential anticancer treatment. The change of cancer cells from epithelial to mesenchymal phenotypes facilitates the aggressiveness of the cancer. Several proteins have been identified as markers of the transdifferentiation process [7] . Decreases in E-cadherin, a transmembrane protein responsible for intercellular interactions, have been reported during the transition into the mesenchymal phenotype [7] [8] [9] . On the other hand, N-cadherin is a cell-cell adhesion molecule in mesenchymal cells. The EMT process is characterized by a shift in expression from E-cadherin to Ncadherin [10, 11] . Likewise, it has been claimed that Vimentin, another protein necessary for the motility of the mesenchymal cells, is increased during the EMT process [12] . These changes in molecular expression are mainly driven by the Snail family of transcription factors, in particular Slug [13, 14] . The Slug expression is further regulated through transcription and degradation pathways. -catenin is responsible for interacting with the transcriptional factor Slug and promotes the production of Slug at the level of DNA. Conversely, its stability is controlled by GSK-3 , which causes ubiquitination and degradation of Slug [1] [2] [3] [15] [16] [17] . Recent evidence has suggested that AKT is able to influence the activity of both -catenin and GSK-3 [4-6, 12, 15, 17] . An increase in AKT activity is also associated with EMT incidence in cancer cells [7, 18] . Taken together, these molecular pathways have an important role in the induction of cancer cells towards EMT. Alterations of the activity or expression of these molecules could potentially prevent cancer metastasis.
Several pure compound extractions from Thai medicinal orchids, including gigantol, have been reported to have promising anticancer activity [18] [19] [20] [21] [22] [23] . Gigantol ( Figure 1 ) is a stilbenoid derivative isolated from the stem of Dendrobium draconis, a Thai medicinal orchid [10, 11, 24] . The anticancer activity of gigantol has been widely reported [12, [18] [19] [20] ; however, its effect on EMT inhibition and the underlying mechanisms have yet to be clarified. It is possible that gigantol may have the potential to attenuate the regulatory mechanisms of EMT, leading to a decrease in aggressive cancer cell behavior. This result would support the development of this compound for cancer therapy.
Materials and Methods

Materials. Gigantol was isolated from
Dendrobium draconis as previously described [23] . Gigantol used in this study was isolated from the dried powdered stems of D. draconis and extracted by MeOH using vacuum-liquid chromatography (VLC) and column chromatography (CC) with more than 95% purity. Gigantol was prepared in dimethyl sulfoxide (DMSO) for stock solution and PBS (phosphatebuffered saline) was used to dilute the stock solution into working concentrations. The final concentration of DMSO used in all of the experiments was 0.1%. The results from the treatment groups were compared with the untreated control exposed to the 0.1% final concentration of DMSO. DMSO, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Hoechst 33342, propidium iodide (PI), bovine serum albumin (BSA), and antibody for ubiquitin were purchased from Sigma Chemical, Inc. (St. Louis, MO, USA). Antibodies for Rho GTP and Rac GTP were purchased from NewEaszt Bioscience (King of Prussia, PA, USA). Antibodies for N-cadherin, E-cadherin, Vimentin, Snail, ZEB-1, Slug, -catenin, phosphorylated AKT (Ser473), AKT, phosphorylated GSK-3 (Ser9), GSK-3 , GAPDH, and peroxidaseconjugated secondary antibodies were purchased from Cell Signaling (Danvers, MA, USA).
Cell Culture.
Human non-small cell lung cancer cells (NCI-H460) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin. Cells were cultured at 37 ∘ C in a humidified incubator with 5% CO 2 and passaged at near confluence with trypsin-EDTA. RPMI 1640 medium, FBS, L-glutamine, penicillin, streptomycin, PBS, trypsin, and EDTA were purchased from GIBCO (Grand Island, NY, USA).
Cytotoxic Assay.
Cell viability was examined using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. H460 cells were seeded in 96-well plates at 10,000 cells/well and incubated overnight at 37 ∘ C. After being exposed to gigantol treatments at various doses (0-50 M) for 24 h, the medium was removed and 100 L of MTT solution was added to each well. Then the plates were further incubated for 4 h at 37 ∘ C. After that the medium was replaced by 100 L of DMSO to dissolve the formazan crystal. The intensity of formazan produce was measured at 570 nm using a microplate reader (Anthros, Durham, NC, USA). Cell viability was presented as percentage from the absorbance of the treatment groups in relative to the control group.
Apoptosis Assay.
Apoptotic and necrotic cells were identified using a fluorescent nuclear staining dye, Hoechst 33342, and PI. H460 cells were seeded in 96-well plates at 10,000 cells/well and incubated overnight at 37 ∘ C. After exposing to gigantol treatments at various doses (0-50 M) for 24 h, cells were washed and incubated with 10 g/mL Hoechst 33342 and 5 g/mL PI for 30 min in the dark. Nuclei condensation and DNA fragmentation of apoptotic and necrotic cells were observed and scored using fluorescence microcopy (Olympus IX51 with DP70). The data were presented as percentage from the number of apoptotic and necrotic cells of the treatment groups relative to the control group.
Migration Assay.
Cell migration was observed using wound healing and transwell migration assay. H460 cells were treated with gigantol at noncytotoxic concentrations for 24 h before subjecting to migration evaluation. For wound healing assay, treated H460 cells were seeded in 24-well plates at 250,000 cells/well and incubated overnight at 37 ∘ C. After monolayer of cells was formed, a micropipette tip was used to create a wound space. Then the cell debris was removed by washing with PBS and replaced with serum-free culture medium. The cell migration level across the wounded space was observed and evaluated using inverted microscope (Olympus IX51 with DP70). The relative migration level was calculated from the difference of the wound space between the treatment group and the control group divided by the wound space of the control group at each evaluation time. For transwell migration assay, the treated H460 cells were seeded at 25,000 cells/well into the upper chamber of 24-transwell plates in a serum-free culture medium while culture medium with 10% FBS was added to the lower chamber.
After incubating at 37
∘ C for 24 h, the leftover cells on the upper chamber were removed and the migrated cells in the lower chamber were stained with 10 g/mL Hoechst 33342 for 30 min in the dark. The Hoechst staining cells were photographed and analyzed using fluorescence microcopy (Olympus IX51 with DP70).
Invasion Assay.
Cell invasion was evaluated using transwell invasion assay. H460 cells were treated with gigantol at noncytotoxic concentrations for 24 h before subjecting to invasion evaluation. Before the experiment, 0.5% of matrigel was coated on the filter membrane of the transwell chamber and left overnight at 37 ∘ C. Then, the treated H460 cells were seeded at 25,000 cells/well into the upper chamber of 24-transwell plates in a serum-free culture medium while culture medium with 10% FBS was added to the lower chamber. After incubating at 37 ∘ C for 24 h, the noninvaded cells in the upper chamber were removed and the invaded cells in the lower chamber were stained with 10 g/mL Hoechst 33342 for 30 min in the dark. The Hoechst staining cells were photographed and analyzed using fluorescence microcopy (Olympus IX51 with DP70).
Western Blot Analysis.
Levels of protein expression were evaluated using Western blot analysis. H460 cells were exposed to treatment of gigantol at noncytotoxic concentrations. After specific treatments, cells were harvested by washing twice with cold PBS and incubated with lysis buffer containing 20 mM Tris-HCl (pH 7.5), 1% Triton X-100, 150 mM sodium chloride, 10% glycerol, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail for 1 h at 4 ∘ C. The cell lysate was collected as protein sample and subjected to protein concentration measurement using the BCA assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Protein from each sample was denatured by heating at 95 ∘ C for 5 min with Laemmli loading buffer prior to the gel electrophoresis. Then protein samples were separated by molecular weight using precast 5-10% gradient SDS-PAGE gel and transferred to nitrocellulose membranes. After blocking with 5% skim milk for 1 h, the membranes were incubated with the indicated primary antibodies at 4 ∘ C overnight. After that, the membranes were washed thoroughly with TBST (25 mM Tris-HCl (pH 7.5), 125 mM NaCl, and 0.05% Tween 20), and then they were incubated with horseradish peroxide-conjugated secondary antibodies for an additional hour at room temperature. Subsequently, the bands were then visualized using a film exposure with a chemiluminescence detection system and quantified using analyst/PC densitometry software by Image J.
Immunoprecipitation
Assay. Levels of protein interaction were evaluated using immunoprecipitation assay. In order to detect the ubiquitin-protein complex, lactacystin was pretreated to the cells an hour prior to gigantol treatment. After specific treatments, cells were harvested and lysed with lysis buffer. Then the cell lysate was separated and collected by centrifuging at 12,000 rpm for 3 min at 4 ∘ C before preclearing with agarose bead for 45 min at 4 ∘ C to prevent unspecific binding. The remaining cell lysate was subjected to protein measurement for equal loading. Next the anti-Slug antibody was added to the cleared lysate and incubated overnight at 4 ∘ C before further adding agarose beads for an additional 2 h at 4 ∘ C. The precipitated immune complexes were washed with ice-cold lysis buffer, resuspended in 2x Laemmli sample buffer, and then heated at 95 ∘ C for 5 min. After that, immune complexes were separated using precast 5-10% gradient SDS-PAGE gel electrophoresis and transferred to nitrocellulose membranes; the Western blot analysis was then performed using an anti-ubiquitin antibody.
Statistical Analysis.
Results were expressed as mean ± standard error (SE) from at least four independently performed experiments. Differences between treatments were examined using the one-way analysis of variance (ANOVA) followed by post hoc test.
values less than 0.05 were considered statistically significant.
Results
Cytotoxicity of Gigantol on Lung Cancer H460 Cells.
To determine the concentration of gigantol used in this study, we first evaluated the cytotoxicity of gigantol using MTT and apoptosis assays. Before cell viability evaluation, H460 cells were treated with various concentrations of gigantol (0-50 M) for 24 h. 
Gigantol Suppresses Epithelial to Mesenchymal Transition (EMT) in Lung
Cancer H460 Cells. Cellular migration is an indicator of cells undergoing EMT; therefore, the migration levels of H460 were examined to determine the effect of gigantol on EMT inhibition. The H460 cells were pretreated with gigantol at 1, 5, 10, and 20 M for 24 h, and then the migration level was assessed using wound healing and transwell migration assays. Figure 3(a) shows that treatment with 20 M gigantol suppressed cell migration across the wound space (approximately 70%) at intervals as early as 24 h. At 72 h, gigantol concentrations of 1, 5, 10, or 20 M were able to significantly attenuate H460 cell motility when compared to the control. Consistently, results from the transwell migration assay demonstrated that gigantol was able to decrease the number of cells moving across the transwell filter within 24 h in a dose-dependent manner (Figure 3(b) ). A similar trend was also observed in a transwell invasion assay. Approximately 30%, 35%, 45%, and 70% reductions in invasion were recorded in H460 cells treated for 24 h with concentrations of 1, 5, 10, and 20 M of gigantol, respectively (Figure 3(c) ). To evaluate migration activity at the molecular level, the expression levels of Rho GTP and Rac GTP in H460 cells were evaluated after 24 h of treatment with gigantol. Rho GTP is responsible for stress fiber extension, while Rac GTP regulates lamellipodia formation [25] [26] [27] . Both proteins are known migration regulator proteins that enhance cytoskeleton reorganization by facilitating membrane protrusion at the edges of the cell. The results from the Western blot analysis shown in Figure 3 (d) demonstrate that treatment of gigantol suppressed Rho GTP and Rac GTP expression. To determine the existence of an association between gigantol and EMT, the expression of EMT marker proteins including E-cadherin, N-cadherin, Vimentin, Snail, Slug, and ZEB-1 was evaluated.
The results from the Western blot analysis support our hypothesis that treatment with various concentrations of gigantol (0-20 M) for 24 h switched the cadherin type from E-cadherin to N-cadherin in the treated H460 cells (Figure 3(e) ). In addition, 1, 5, 10, and 20 M of gigantol reduced Vimentin expression levels by 90%, 70% 50%, and 40%, respectively. Gigantol treatment also suppressed the expression levels of the Slug transcription factor, while Snail and ZEB-1 levels remained unchanged. This result suggests that gigantol is able to inhibit the EMT process by decreasing the production of the EMT transcription factor Slug.
Gigantol Increases Ubiquitination of the Slug Transcription
Factor. We have demonstrated that gigantol is able to downregulate Slug expression. The objective of this experiment was to further investigate the mechanism by which gigantol treatment downregulates Slug expression. It was reported that the stability of Slug is controlled by proteasomal degradation [12, 28] . Protein degradation occurs either via proteasomal or via lysosomal pathways. To determine which pathway contributes to Slug downregulation, H460 cells were treated with either the proteasomal inhibitor lactacystin (Lac) or the lysosomal inhibitor concanamycin A (CMA). the control. In contrast, CMA treatment had no effect on Slug expression levels. This finding reveals that proteasomal degradation is involved in the stability of Slug expression. It is known that ubiquitination is a critical prerequisite and a ratelimiting step prior to proteasomal cleavage. Because of this fact, we investigated Slug-ubiquitin complexes in response to gigantol treatment using an immunoprecipitation assay. Figure 4 (b) shows that the H460 cells treated with gigantol exhibited significant increases in Slug-ubiquitin complex levels, despite the equally loaded Slug expression in the control and the treatment groups. This suggests that gigantol is able to enhance Slug degradation via the proteasomal pathway.
Effect of Gigantol on EMT Regulating Proteins.
To further examine the signaling pathway of gigantol in inhibiting the EMT process, the expression levels of the upstream proteins were evaluated. It has been shown that GSK-3 is the protein responsible for Slug ubiquitination. Figure 5 (a) shows that gigantol treatment decreased inactivated GSK-3 (p-GSK-3 ) levels, indicating that GSK-3 Slug destabilization was increased. Moreover, -catenin is known as an essential transcriptional activator of Slug expression [10] . Interestingly, Figure 5 (a) clearly shows that treatment with gigantol could decrease -catenin expression. Moreover, previous studies have indicated that AKT enhancement drives epithelial cells towards transdifferentiation [10] . The data shown in Figure 5 (a) demonstrate that AKT phosphorylation was significantly reduced in response to gigantol treatment. These results suggest that gigantol attenuates EMT via AKT downregulation, leading to a decrease in -catenin expression and an increase in GSK-3 activity.
To further confirm that the inhibition of AKT phosphorylation is able to interfere with downstream proteins, H460 cells were treated with the AKT inhibitor, perifosine. The data shown in Figure 5 (b) confirm that perifosine treatment suppressed AKT phosphorylation. In addition, the -catenin and p-GSK-3 expression levels were significantly reduced. These results confirm that AKT activation could influence the expression of downstream proteins and the EMT process.
Discussion
Cancer metastasis is a fundamental cause of death in lung cancer patients. The essential driving force towards metastasis is the morphological transition of cells known as epithelial to mesenchymal transition [3] . This transition in cellular phenotype facilitates the aggressiveness of cancer by enhancing cellular migration levels and anoikis resistance. Several studies have identified various natural compounds with the ability to attenuate cancer metastasis. It has been reported that gigantol, a stilbenoid derivative extracted from Dendrobium draconis, possesses promising anticancer properties [18] [19] [20] 28] . In this study, we have provided further molecular evidence supporting the potential of gigantol as a biological agent for cancer treatment. Our results demonstrate that noncytotoxic concentrations of gigantol are able to significantly inhibit migratory behavior and decrease the level of EMT marker proteins ( Figure 3) . Moreover, our findings indicate that these inhibitory effects are involved in gigantol downregulation of Slug, a major transcription factor underlying EMT [12, 13] . Previous studies have reported that gigantol inhibits migration and sensitizes anoikis in lung cancer cells [18, 28] . However, scientific evidence on the underlying mechanisms of upstream pathways remained unknown. Consistent with a previous report [18] , our results demonstrate that gigantol inhibits the ability of lung cancer cells to migrate. Interestingly, in the present study, gigantol pretreatment occurred 24 h prior to the migration evaluation, and we found that the inhibition of migration persisted up to 72 h after gigantol treatment was removed (Figure 3) . This finding provides novel evidence that gigantol possesses the ability to affect upstream mechanisms of migration.
It is widely accepted that cellular migration and anoikis resistance are properties of the EMT process [7, [29] [30] [31] . We therefore hypothesized that gigantol may attenuate the transdifferentiation process. Our protein expression analysis demonstrated that gigantol was able to significantly reduce the expression of EMT markers including N-cadherin and Vimentin while enhancing the expression of E-cadherin 24 h after treatment (Figure 3) . Slug, the main regulator of EMT, acts as a molecular switch that suppresses E-cadherin expression by blocking a set of E-cadherin encoding genes. Our results show that gigantol treatment significantly suppressed the expression of the Slug transcription factor. It was also observed that gigantol did not affect Snail or ZEB-1 expression. It appears that Slug is the main target of gigantol treatment. Another possibility is that Snail was claimed to be an unstable protein. So the effect of gigantol on the expression of Slug may be detectable but not Snail or ZEB-1. This finding suggests that gigantol was able to attenuate the EMT process at the transcriptional level. -catenin and GSK-3 proteins may regulate the expression of the Slug transcription factor via production and degradation pathways, respectively [12] .
In epithelial cells, -catenin interacts with the cytoplasmic domain of E-cadherin, whereas, during the EMT process, -catenin is released from the complex and translocated into the nucleus to increase the expression of Slug. On the other hand, activated GSK-3 causes Slug phosphorylation in the central domain, leading to Slug ubiquitination and, consequently, proteasomal degradation [12] . GSK-3 can be inactivated through phosphorylation. The results illustrated in Figure 5 Many studies have demonstrated that activated AKT plays an important role in the EMT process [10, 32] . As evidenced by a previous report, gigantol inhibited migration by decreasing the function of AKT [18] . However, in the present study, it was shown that AKT activation was significantly suppressed within the first 3 h of gigantol treatment ( Figure 5(a) ). Therefore, it is possible that gigantol may affect the upstream signaling pathway to attenuate migration behavior. These data are consistent with previous studies that show that the attenuation of AKT activity was able to suppress the expression of Slug and inhibit mesenchymal transition through thecatenin and GSK-3 pathways [32] [33] [34] . It has been demonstrated that the activation of AKT positively regulates Slug transcription via -catenin in vitro [35] and suppresses Slug degradation [36] . The inhibition of AKT could be a promising therapeutic approach to attenuate the EMT process.
Conclusion
In conclusion, this study has demonstrated that gigantol is able to attenuate the EMT process in lung cancer cells. The reduction of AKT activity decreased the transcription and the stability of Slug. Gigantol was shown to reduce -catenin activity and Slug transcription while enhancing GSK-3 ubiquitination of Slug, resulting in decreased Slug levels and thereby suppressing the EMT process ( Figure 6 ). This novel discovery supports the future development of gigantol as an antimetastasis treatment in cancer patients.
